Bridged cyclodextrin dimers and trimers, in which respectively two and three hydrophobic cavities lie in close proximity, display much higher binding affinities and molecular selectivities than do parent cyclodextrins (CDs). By joining βCD units with links inserted at different positions (2-2', 3-2', 6-2' or 6-2'-6'') and interposing spacers of different lengths and shapes, multicavity structures can be synthesized that are precisely tailored to fit specific guest molecules. This enzyme-mimicking strategy can also be used to generate stable supramolecular adducts. A series of CD dimers and trimers was prepared in good yields by carrying out the critical synthetic steps under power ultrasound (US) or microwave (MW) irradiation. Starting from CD azide and acetylenic derivatives we exploited an efficient MW-promoted Huisgen 1,3-dipolar cycloaddition in the presence of Cu(I) salts. The resulting bridged CD derivatives gave stable adducts with magnetic-resonance-imaging contrast agents (MRI CAs) containing gadolinium(III) chelates. These inclusion complexes were found to be 2 to 3 orders of magnitude more stable than those formed by βCD and to be endowed with high relaxivity values.
Introduction the 2-monoalkynyl derivative and traces of the 3-alkylated product. When a moderate excess of bromoalkyne (3 eq) was used instead, the dialkylated CD was isolated as major product.
6-Monoazido-CD and 3-monoazido--, -and CD (5 and 10-12 respectively) were prepared as recently described by ourselves 20, 21 Acetylenic and azido derivatives were subjected to cycloaddition in t-butanol/water (1:1) in the presence of CuSO4 and L-ascorbic acid under MW (90°C, 150 W). 17 The same protocol was employed to obtain symmetric homodimers (4, 6) using either of the above-mentioned bifunctional cross-linkers, viz. 1,3-bis(azidomethyl)benzene (AMB) and 1,3-bis(propargyloxy) benzene (POB). AMB was used in our previous work to prepare cross-linked CD derivatives. When we subjected 5 to cycloaddition with a 2-mono-O-propargyl-6-TBDMS-CD, we obtained respectively the asymmetric homodimer 8 in the case of CD derivative 2, and two asymmetric heterodimers (7, 9) in the case of α-or γCD derivatives (1, 3). As we aimed to compare the respective binding properties of such bis-CDs, joined by unlike faces, with those of a bis-CD that was joined by like faces, we carried out the cycloaddition on 3-monoazido-α, -or-γCD (11) and mono-O-alkylated-CD (2). very large molecule such as a bis-CD. 15 To minimize its toxicity, the resulting adduct should be noncovalent rather than covalent in nature, a condition that can be satisfied if the Gd(III) chelate contains suitable hydrophobic groups that will behave as guests in the CD cavities. Relative binding parameters listed in Table 1 (association constants Ka, relaxivities Rb of the adducts and number of binding sites n) , were determined by the Proton Relaxivity Enhancement (PRE) method (see supporting information for relevant equations) 26 , which exploits the increase in relaxation rate of the paramagnetic complex that is determined by its binding to a macromolecular substrate. The binding parameters were obtained from two different kinds of titration: the first, in which a fixed concentration of the Gd-chelate was titrated with variable amounts of CD dimer/trimer (see example in Figure 2 ), allowed an accurate determination of Ka and Rb; by the second, in which a fixed concentration of the CD dimer/trimer was titrated with the Gd-chelate (see example in Figure 3 ), we determined the number of equivalent, independent binding sites. In the latter, as the binding affinity was sufficiently high, the plot of the experimental data showed a breaking point corresponding to the substrate saturation. By fitting the experimental points with suitable PRE equations we obtained the number of binding sites on the CD dimer/trimer. While for the monotopic Gd-1 complex the number of binding sites was found to be 1 for all the investigated CDs, for bi-and tri-topic Gd-2 and Gd-3 complexes the number of binding sites on the CD dimer/trimer turned out to be fractional (0.5-0.7). Further support to these findings emerged when the data were displayed in the form of Scatchard Plots (Figure 4 ), where the intercept on the x axis yields the number of binding sites on the substrate. 27 To explain this difference we hypothesized that, while in the case of a monotopic Gd-1 complex a simple 1:1 host-guest adduct was formed, in the case of ditopic and tritopic complexes three or four dimer molecules might be bridged through two or three Gd complexes (n= 2/3 and n=3/4 respectively) ( Figure 7 ). From inspecting Table 1 we can clearly infer a relationship between binding parameters and structural features of the interacting compounds. For example, by comparing the interactions between dimer 4
and Gd-1, Gd-2, and Gd-3 respectively (Fig. 2) , we see that an increase in the number of hydrophobic cyclohexyl substituents determines an enhancement in the relaxivity of the adducts; on the other hand the affinity constant increases only when going from one to two substituents, whereas the addition of a third one does not influence it further. A closer investigation of parameters governing the relaxometric behaviour of the three CD-dimer adducts has been performed by analysing the relative NMRD (Nuclear Magnetic Resonance Dispersion) profiles. 28 This approach accurately determines the reorientational correlation time (R) 29 of each adduct, which is strictly related to its molecular dimensions. Figure 5 shows the NMRD profiles of the adducts of dimer 4 with Gd-1, Gd-2 and Gd-3.
Data were analysed using the Solomon-Bloembergen-Morgan model, 30 1/T1 NMRD profiles of Gd-1/Trimer 17 (), Gd-2/Trimer 17 () and Gd-3/Trimer 17 () adducts, obtained at pH=7 and 298K. Solid curves through the data points were calculated with the parameters reported in For adducts of dimer 4 with Gd-2 and Gd-3, quantitative analysis of the NMRD profiles was not satisfactory when the simple inner-outer-sphere model was used; thus we assumed that the water protons present in the chelate second-coordination sphere also contributed to observed relaxivities.
This contribution may originate from clusters of water molecules entrapped within the supramolecular adducts. Such a behaviour is commonly encountered with adducts formed when a paramagnetic complex is non-covalently bound at the surface of a protein 28 as well as with the supramolecular "hostguest" adduct formed by poly-CD and Gd(III) complexes. 31 From the fitting of experimental data we estimated that 5-6 second-sphere water molecules are present per Gd(III) ion (see Table 1 Table 1 ), suggesting that they modulate the lifetimes of water molecules lying at the surface of the paramagnetic complex. Moreover, the mere contribution from the second coordination sphere does not suffice to explain the high relaxivity values of Gd-2/dimer 4 and Gd-3/dimer 4 adducts compared to the Gd-1/dimer 4 adduct. This considerable relaxivity enhancement gives strong support to the hypotesis that ditopic and tritopic complexes may act as bridges linking two or three dimer molecules, resulting in larger supramolecular adducts endowed with longer reorientational correlation times and consequently higher relaxivities (Fig. 7) . Some further considerations may be appropriate regarding the association constants (Table 1) determined for the interactions of the Gd-2 complex with the other dimers here reported.
By comparing the binding properties of Gd-2 towards dimers 4 and 6, in which the two CD units are linked by the same spacer which is however fastened to different positions on the CD surfaces, we find that the association constant is one order of magnitude larger when the two CD units are joined by their larger faces.
In the case of asymmetric heterodimers 7, 8 and 9 interacting with Gd-2, a markedly larger association constant was found when both CDs were . The binding affinity determined for this particular system was one order of magnitude larger than those found for all other systems.
Moreover, when we compare the binding properties of Gd-2 toward a bis-CD joined by unlike faces (dimer 8) with those shown toward a bis-CD joined by like faces (dimer 14), we see that the affinity is one order of magnitude lower in the latter case. These differences in the affinity constant are certainly due to the different dimensions relative orientations and of the two CD cages. For this type of guest molecules, in which the interacting unit is cyclohexane, the best cavity size is offered by CD and the best orientation is presented by the dimer in which the CD units are joined by unlike faces.
Finally we investigated the binding properties of the three complexes reported in Figure 5 with CD trimers 17 and 19. The strenght of interaction seems to remain in the same order of magnitude as found in the case of dimeric systems, but with Gd-3/trimer complexes relaxivity values turned out to be even higher. The NMRD profiles of Gd-1, Gd-2 and Gd-3 adducts with trimer 17 are reported in Figure 6 .
Their higher relaxivity values (compared to those of dimeric adducts) are supported by longer R values resulting from the larger dimensions of these supramolecular systems.
Conclusions
A new approach to the preparation of CD dimers and trimers has been introduced. It employs CDs that are regioselectively monosubstituted with acetylenic and azido groups, or, alternatively, the same in association with disubstituted aromatic spacers bearing either reactive function. These versatile derivatives were subjected to a MW-promoted Huisgen cycloaddition that led to the formation of bis-and tris-CDs. Access to a library of CD dimers and trimers featuring different linkage positions on CD surfaces and cavities of different dimensions should enable us to better tune the interaction between the guest molecule (drug, diagnostic marker, etc.) and the CD carrier .
Our study with medical diagnostic markers (MRI contrast agents) as guest molecules bore out this concept. Moreover stability constants and relaxivities found for the adducts of Gd(III) chelates with our CD multimers, especially trimers, recommend these supramolecular systems as promising candidates for MRI applications. General procedure for deprotection.
Experimental General
The crude product (1 mmol) was dissolved in CH2Cl2 (20 mL), a 2% solution of AcCl in MeOH (10 mL) was added and the mixture was stirred overnight at room temperature. Ether (50 mL) was then added; the precipitate was filtered, washed with ether (40 mL) and dried under vacuum.
1,3-bis((4-(βCD-2'-yl-methyl)-1H-1,2,3-triazol-1-yl)methyl)benzene (4).
The reaction was carried out with 2 
1,3-bis((1-(6'-deoxy-βCD-6'-yl)-1H-1,2,3-triazol-4-yl)methoxy)benzene (6).
The reaction was carried out with 6 1 -azido-6 1 -deoxy-CD (5) (400 mg, 0.34 mmol) and 1,3-bis(propargyloxy)benzene (POB) (23 mg, 0.12 mmol). Acetone (30 ml) was added to the reacted mixture and the precipitate was filtered off. The solid was recrystallised from water/acetone 1:2 and 215 mg of pure dimer 6 were recovered (0.084 mmol, yield 70%).
Analytical data were in accordance with reported values. -(1-(6'-deoxy-βCD-6'-yl)-1H-1,2,3-triazol-4-yl)methyl)-βCD (17) . 
2-(O-Di

